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The influence of real gas effects on the performance of supercritical CO2 dry gas seals.  
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 Abstract 
 
The current work investigates dry gas seals operation with supercritical CO2 (sCO2) at two 
operating conditions using CFD. One close and one far from the critical point. At the operating 
condition far from the critical point a maximum change of 1.7% in pressure, 0.4% in temperature and 
1.1%  in density are observed. Contrary, closer to the critical point a maximum change of 6.5% in 
pressure, 6.7% in temperature and 39.5% in density are observed. These changes also influence 
opening force and leakage rate. Far from the critical point the maximum changes are 0.7% and 3.1%, 
whereas close to the critical point maximum changes of 3.4% and 10.3% are observed. The centrifugal 
effect plays an important role when operating with dense gases.  
 
Keywords: Supercritical carbon Dioxside; Dry gas seal; real gas; 
Brayton cycle 
 
 
NOMENCLATURE 
 
a flow factor 
A area, Helmholtz free energy, 
Fo, Fc, Fp opening force, centrifugal force and pressure force 
h, hg film thickness or operating gap, groove depth 
H enthalpy 
n groove number 
P pressure 
Pg pressure at the end of the groove’s wall 
 ̇ leakage rate, mass flow rate  
r, ri , ro radius, inner and outer radius 
Rec, Rep  radial Reynolds number, tangential Reynolds number 
T temperature 
   friction torque or windage loss 
Ur velocity due to the moving frame, whirl velocity magnitude 
V, Vr, Ur absolute velocity, relative velocity and whirl velocity vectors 
Vr relative velocity magnitude 
y vertical distance to nearest wall  
y
+
 non-dimensional wall distance for a wall-bounded flow 
Z compressibility factor 
α spiral angle  
  ratio of groove to land  
  angle  
ℓl, ℓg land arc length, groove arc length  
  dynamic viscosity 
ρ density 
τ stress tensor 
   wall shear stress 
  flow coefficient, reduced Helmholtz free energy 
      flow coefficient for the ideal gas contribution 
ω, ω rotational speed, angular velocity vector  
 
1. Introduction 
 
Dry gas seals were introduced in the late 1960s [1]. The use of dry gas seals in high 
performance turbomachinery system as a new kind of noncontact mechanical seal, such as in 
centrifugal compressors, turbine, turbojet engines, turbofans has increased dramatically over the past 
20 years, replacing traditional oil film seals in most applications [2,3]. A dry gas seal performs well in 
terms of less friction and wear, lower power consumption, lower leakage, longer service life, improved 
operational safety and rotor system stability as well as reliability compared to wet seal systems [1,4-
11]. In other word, despite alternative sealing technologies being available and having been installed 
with varying degrees of success for certain applications, they are often limited in speed, operating 
conditions and pressure. Moreover, with changes in the operating condition, they are prone to 
problems such as high leakage and relatively short periods of operation [1,12]. Therefore, today dry 
gas seals are the preferred choice and are used in a wide variety of industries despite their increase 
mechanical complexity compared to other seal types.  
Although many surface groove patterns have been developed, the spiral groove geometry is 
still the most widely used in mechanical seal applications today [6]. For many years, research and 
early performance analysis used narrow spiral groove theory, proposed by Vohr and Pan [7], 
Muijderman [13],  Malanoski and Pan [14] and Smalley [15]. However, this theory only provides a 
one-dimensional solution, while ignoring the complicated geometrical boundary shape [8]. With the 
development of computers, more accurate numerical models have been employed to analyse 
performance characteristics. Numerical treatments based on the Reynolds equation that utilize the 
finite difference method, finite element method, and boundary element method have been employed 
[5,16]. Recently, Thatte and Zheng [9] used Reynolds equation for high pressure CO2 compressible 
flow and implement an iterative solution procedure to solve the governing equations using Matlab. 
However, the solutions of the Reynolds equation supply only two-dimensional results.  
The solutions of both the narrow spiral groove theory and the Reynolds equation are useful for 
performance estimations and preliminary designs, but are not accurate in elucidating the three 
dimensional flow dynamics in the gap between two seal faces [4]. Nor can it capture non-traditional 
velocity profiles that arise between the rotor and stator as a result of large centrifugal and inertia forces 
caused by the increased gas density [17,18]. Therefore Computational Fluid Dynamics (CFD), which 
incorporates real gas models is required to accurately predict the fluid behaviour in the dry gas seal 
operating with dense fluids such as supercritical CO2. 
Some studies are available in literature, which deal with three dimensional Reynolds Averaged 
Navier Stroke equation in elucidating the flow field in the gap between two seal faces using ideal gas 
model [4,8,18,10,11]. Heshune et al. [8] investigate the distribution of the hydrodynamic gas film 
pressure, opening forces and leakage rate in the gap of the spiral grooved dry gas seals at different face 
clearances. Shahin et al. [10] studied gas seal performances using both spiral and different herringbone 
shape groove configurations at different rotational speed in forward and reverse rotation conditions. 
Jing et al. [19] studies the flow on spiral groove dry gas seal in the laminar and turbulent flow regime. 
Shahin et al. [11] performed studies with constant depth grooves and with different taper grooves. 
Bing et al. [4] used both direct numerical simulation (DNS) and Reynolds-averaged Navier-Stokes 
(RANS) to study the three dimensional flow dynamics in the spiral-groove dry gas seal. Hong et al. [6] 
performed comprehensive analysis to resolve the problem of simulating the complex conjugate heat 
transfer within the seal. While insightful, these works do not address performance with highly dense 
supercritical fluids. 
The supercritical CO2 Brayton cycle is being actively developed for potential application in a 
wide range of energy conversion applications [20,21]. Dry gas seal, once mature for operation with 
supercritical CO2 have been recommended for these applications [21] as they are more reliable, cost 
efficient, safer and offer the lowest leakage of any type of seals that can be applied in the harsh 
supercritical CO2 environment [1,12]. So far, no design guideline for dry gas seals are available for 
supercritical fluid Brayton Cycles [21,12]. One of the key challenges in designing a seal for this 
application are the highly non-linear fluid and thermodynamic behaviour of the working fluid within 
the dry gas seal. These can have a major influence on dry gas seal performance. New insight into fluid 
dynamics within these seals is required in order to design efficient and robust seals for operation with 
supercritical CO2.  
Furthermore, the studies in literature on the supercritical fluid dry gas seals are still missing a 
clear descriptions and characterization of how the real gas properties and high density of the 
supercritical fluid affect the performance and operability of dry gas seals at operating points typical for 
Brayton power cycle or any other turbomachinery application. The present work carries out a 
numerical investigation to understand how supercritical CO2 influence performances of dry gas seals 
and to provide new insight into how to design dry gas seals for supercritical CO2 sealing applications. 
Within the Brayton Cycle there are two possible sealing locations at either high or low operating 
temperatures [8,17] (turbine and compressor seals) where dry gas seal can be selected. Hence, the 
present study investigates two inlet conditions one close to the critical point and one far from the 
critical point. At both conditions, seals operating with CO2 (real fluid) and air (ideal gas) are compared 
to highlight the differences. 
 
2.     Numerical model 
 
This section describes the numerical model used to analyse the fluid mechanics in the dry gas 
seals operating with supercritical CO2. 
2.1 Fluid Governing Equations  
 
The fluid is simulated using the Reynolds Averaged Navier Stokes (RANS) equations, applied to a 
rotating system. For the single rotating reference frame simulation, the governing equations based on 
relative velocity are given by: 
 
 Mass conservation 
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  Conservation of momentum 
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 Conservation of energy 
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where    is defined as: 
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The numerical simulations are performed using the CFD package ANSYS Fluent version 16 [23].  
 
2.2 Equation of state  
 
Two equations of state are used for the simulations based on operating fluid and operating 
conditions. For ideal gas simulations the equation of state is: 
 
      (6) 
For CO2 simulations the Span and Wagner equation of state is employed with constants 
selected to suit real gas CO2 . This equation of state has been selected due to its superior performance 
close to the critical point, where the accuracy is shown to be the same order as the uncertainty of 
experimental measurements [24]. The equation of state is interpreted as a fundamental equation in 
term of the Helmholtz energy  A, in non-dimensional form given by [24]: 
 
 (   )
  
  (   )     (   )     (   ) 
(7) 
 
For the CO2 simulations the fluid property database REFPROP, released by NIST [25], is employed. 
This database is build on the Span and Wagner equation of state described above.  
 
2.3 Flow factor  
 
In practice fluid within the seal is subjected to shear driven and pressure driven flow. 
Therefore, the fluid flow is a combination of Couette flow in the tangential direction and Poiseuille 
flow in the radial direction. In order to determine fluid state more accurately, the flow factor,   is used 
based on work from Brunetiere et al. [26]. The fluid flow is turbulent for a >1 and laminar when a <1 
[26, 19 ]. The flow factor a is calculated as [26]: 
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where Rec and Rep are the Reynolds number for the circumferential Couette flow and radial Poiseuille 
flow respectively: 
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2.4 Computational grid and boundary conditions 
 
Fig. 1a and b show the basic geometrical parameters of the spiral groove dry gas seal. The 
rotary ring contains grooves with a depth hg, typically several micron in depth and rotates on its shaft. 
The dimensions and operating parameters are summarised in Table 1 and 2. The groove shape is based 
on a logarithmic spiral as shown in Fig. 1b, defined by [11]: 
 
     
     ( ) (11) 
This shape ensures that at each point on the spiral curve the angle,  , between the moving direction 
and the tangent to the curve is the same. 
The computational fluid domain used to stimulate the flow behaviour between the rotary and 
stationary wall of the dry gas seal is shown in Fig. 1c and d. The computational domain is magnified 
1000 times in the axial direction to present the geometry and grid details. The computational grid is 
generated using the meshing tools e3prep and e3prepToFoam [29,30] to generate a parametrically 
defined structured multi-block hexahedral mesh. As shown in Fig. 1d the computational grid is more 
densely clustered near the inlet, groove end and outlet to properly capture the critical flow details in 
these regions. 
 
 
 
 
a) Schematic showning dry gas seal rotor. b) Definition of logarithmic groove shape. 
  
c) Enlarged fluid domain showing boundary 
conditions. 
d) 1/12 segment of fluid domain used for 
simulation. 
 
Fig. 1. Basic geometry parameters of the dry gas seal. 
 
Table 1  
Dry gas seal geometry. 
Parameter Value 
 Validation case [28] Air and sCO2 
simulations 
Inner radius, ri (mm) 58.42 58.42 
Outer radius, ro(mm) 77.78 77.78 
Groove root radius, rg(mm) 69.0 69.0 
Spiral angle, α (degree) 15 15 
Ratio of groove to land, β 1 1 
Groove number, n 12 12 
Groove depth, hg (µm) 5.0 5.0 
Film thickness, h (µm) 3.05  3.05, 5.08 and 7 
 
 
Table 2 
Operation conditions. 
Parameter Value 
 Validation case [28] Air and sCO2 
simulations 
Inlet pressure, Pi (MPa) 4.5852  8.5  
Outlet pressure, Po (MPa) 0.1013 0.1013 
Spin speed, ω (rpm) 10380  10380 and 30000 
Fluid medium Air Air and CO2 
Operating temperature (K) 
Fluid density at inlet  
for 370 K and 740 K (kg/m
3
) 
303 
52.72 
370 and 740 
80.05 and 40.02 (Air) 
155.43 and 60.48 (CO2) 
Wall temperature (K) 303 370 and 740 
 Operation conditions used for the present research are presented in Table 2. The pressure inlet 
and pressure outlet boundary conditions are used for inflow and outflow of the computational domain 
respectively. The non-slip boundary condition is employed at the wall. The single rotating frame 
method is used for mutual movement between the rotating and static seal ring. The isothermal 
temperature boundary condition is employed along the rotor and stator, with the assumption that rotor 
and stator are highly conductive and thus the generated friction heat is transferred out quickly so that 
the wall temperatures remains constant, a valid assumption as demonstrated by [18]. The rotating 
periodic boundary condition is used to simulate only one-twelfth of the whole fluid domain due to the 
geometrical similarity in circumferential direction to reduce computational cost.  
The steady, compressible RANS equations are solved using an implicit, segregated, three-
dimensional finite volume method. A second-order accurate, upwind discretization scheme is used for 
both momentum and energy equation. A pressure-velocity coupling is implemented with the 
SIMPLEC algorithm to solve the resulting algebraic equation system with the non-orthogonal 
correction to reduce the error due to the non-orthogonal meshes. The compressible ideal gas equation 
of state is used for air, whereas the REFPROP database is used for CO2. 
The shear stress transport (SST) k-ω turbulence model is used when solving the RANS 
equations. To properly capture the fluid flow close to the wall region, a mesh with the first cell height 
located at a y
+ 
< 3 is employed where y
+
 it is defined as: 
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2.5 CFD validation and grid dependency study 
 
To ensure the accuracy of the numerical model, a grid dependency study is conducted for four 
meshes, ‘Very coarse’ (0.15 millions), ‘Coarse’ (0.375 millions). ‘Fine’ (0.75 millions) and ‘Very 
fine’ (1.31 millions). Fig. 2 shows the pressure distribution along a line from the seal inner to outer 
edge (see appendix 1 for line definition) for air using both laminar governing equations and the k-ω 
SST turbulent model. It is observed that all meshes show comparable results. For air good agreement 
with the experimental data is also demonstrated. The maximum errors for peak pressure and total 
opening force are 2.6% and 5.59% respectively, as shown in Fig. 2a and b and summarised in Table 3. 
Hence, to save computational cost the ‘Very coarse’ mesh is used for further analysis. In addition, it is 
observed that the k-ω SST turbulent model has a better agreement in the groove region compared to 
the laminar flow as shown in Fig. 2a and b and Table 3 (Pg). This is in agreement with the flow factor 
a, which is 1.9539 even for h = 3.05 µm, suggesting that the flow in the seal is turbulent [26]. 
Therefore, the k-ω SST turbulent model is chosen for the current simulation.  
A grid sensitivity study was also conducted for CO2 operating near the critical point (T = 370 
K, Pi = 8.5 MPa, ω = 30000 rpm) at 3µm film gap where the pumping effect is most intense. Fig. 2c 
shows the comparison of pressure traces for the CO2 simulation. Again mesh independence exists for 
all meshes, justifying the use of the ‘Very coarse’ mesh for further simulations. 
 
  
a) b) 
Seal operating with air (ideal gas equation of 
state), laminar flow model. 
Seal operating with air (ideal gas equation of 
state), k-ω SST turbulence model. 
 
c) 
Seal operating with CO2 (Span and Wagner equation of state), k-ω SST turbulence model. 
 
Fig. 2. Pressure distribution in radial direction for turbulence and laminar models and different 
mesh refinements, h = 3.05 µm. 
 
Table 3 
The comparison laminar and turbulent results to experimental data [28] for air. 
Cases Film gap, h 
(µm) 
Groove Pressure, Pg  
(MPa) 
ΔPg 
(%) 
Opening force Fo  
 (N) 
ΔFo 
(%) 
Laminar 3.05 4.70339 2.62 31367.0304 5.43 
k-ω SST 3.05 4.81562 0.30 31315.3092 5.59 
 
 
The higher discrepancy around groove region to the experimental data can be attributed to the 
non-uniform pressure distribution in the circumferential direction as shown in Fig. 3. In addition, 
differences in geometry at the inner end of the groove wall, sharp edged in the simulation and round 
edged in the experiment due to fabrication limitations, is a likely further contributor to the observed 
pressure discrepancy.  
  
 
  
Fig. 3. Pressure distributions of air (ideal gas equation of state) for k-ω SST turbulent model, h = 
3.05 µm. 
 
3.0 Results and discussions 
 
CO2 experiences significant real gas effects when operating near the critical point. In dry gas 
seals the resulting non-linear variations in properties can change the performance. To explore these 
effects, two operating points with inlet conditions, close and far from the critical point are selected. 
First, different equations of states are used in order to quantify the influence of CO2 real gas effects on 
seal performances. Then, a like-for-like comparison is performed to compare operation with air (ideal 
gas) and CO2 (real gas).   
 
3.1 Comparison of ideal gas and real gas CO2 operation 
 
Before conducting detailed investigation on the performance of the supercritical fluid dry gas 
seal, it is important to establish an understanding of how the real CO2 gas properties near and far from 
the critical point affect seal operation compare to an ideal gas. The supercritical region is defined by 
operating pressure and temperature above the critical point Pcr = 7.4 MPa and Tcr = 304 K for CO2  
[22]. To characterised this behaviour the supercritical CO2 seal described in Table 2 is investigated at 
two operating temperatures: i) T = 370 K for operation close to the critical and ii) T = 740 K for 
operation far from the critical point. In the following results, the performance of a seal simulated using 
the perfect gas law (Eq. (6)) with appropriate constants for CO2 are compared to simulations using the 
Span and Wagner equation of state (Eq. (7)). 
 
3.1.2 Pressure  
 
Fig. 4 and 5 show the pressure distributions at rotational speeds 10380 and 30000 rpm 
respectively. Close to the critical point as shown in Fig. 4a and 5a, the pressure is up to 4.8% and 6.5% 
higher in the real gas simulation, especially near the end of the groove. On the contrary far from the 
critical point the pressure only shows a slight change of 1.3% and 1.7% (Fig. 4b and 5b). As expected 
the difference between the two equation of state increases as we get closer to the critical point. 
Furthermore, as the rotational speed increases, due to the more intense shear action that results in 
stronger outward pumping of the fluid in the groove, the deviation is further amplified in the high 
speed case, especially near the end of the groove where the highest pressure and thus most intense 
fluid property changes are developed. As will be shown in section 3.2.2, the difference in pressure for 
the 370 K condition is mainly caused by differences in density between the two equations of states. 
The higher density predicted by the real gas equation of state can lead to higher centrifugal forces that 
enhance groove efficiency. 
 
 
  
(a) T = 370 K (b) T = 740 K. 
Fig. 4. Pressure distribution of CO2 for ideal and real gas in radial direction, ω = 10 380 rpm and h = 
3.05 µm. 
 
  
(a) T = 370 K (b) T = 740 K 
Fig. 5. Pressure distribution of CO2 for ideal and real gas in radial direction, ω = 30 000 rpm and h = 
3.05 µm. 
 
3.1.3 Temperature 
 
Similarly, the temperature distributions also show a deviation between the two equations of 
state, particularly close to the critical point (Fig. 6a and 7a) with maximum differences of 4.6% and 
6.7% for rotational speeds of 10380 rpm and 30000 rpm respectively close to inner edge. However, at 
the low rotation speed, the higher discrepancy is observed close to inner edge whereas at high rotation 
speed, the higher discrepancy is observed throughout the seal domain. On the contrary at high 
temperature, far from critical point only minimal changes of 0.02% and 0.4% are observed for 
rotational speeds of 10380 rpm and 30000 rpm respectively (Fig. 6b and 7b). As evident from Figs. 6 
and 7, the maximum deviation from and isothermal fluid temperature within the seal gap occurs for 
Fig. 6 and especially Fig. 6(a). This is attributed to an increasing tangential flow Mach number. At 
higher Mach number (high rotor speed and low temperature) energy dissipation is no longer 
negligible. 
 
 
  
a) T = 370 K b) T = 740 K 
Fig. 6. Temperature distribution of CO2 for ideal and real gas in radial direction,  = 10380 rpm and h 
= 3.05 µm. 
 
  
a) T = 370 K b) T  = 740 K 
Fig. 7. Temperature distribution of CO2 for ideal and real gas in radial direction,  = 30000 rpm and h 
= 3.05 µm. 
3.1.4 Density 
 
The radial density distributions are shown in Fig. 8 and Fig. 9. As expected due to the less 
significant real gas effect far from the critical point at T = 740 K, the results for ideal and real gas 
equations of state are almost identical with differences of 1.0% and 1.1% for rotational speeds of 
10380 rpm and 30000 rpm respectively. On the contrary, a significant density difference is observed 
close to the critical point with 370 K inlet temperature. Differences of 24.8% and 39.5% are observed 
for rotational speeds of 10380 rpm and 30000 rpm respectively, with differences growing as the 
absolute pressure increases. This is due the different equations of state (i.e. Eq. (6) and Eq. (7)). Close 
to the critical point, these return substantially different density values for a given state point.  
This indicates that the ideal gas law is not accurate in predicting the fluid and thermodynamic 
properties of the CO2 when fluid conditions at the seal inlet, outlet, or within the seal are in the 
proximity of the critical point. Thus the Span and Wagner equation of state is highly recommended for 
the simulation of supercritical CO2 dry gas seal when operating conditions are close to the critical 
point. 
 
  
a) T = 370 K b) T = 740 K 
Fig. 8. Density distribution of CO2 for ideal and real gas in radial direction,  = 10380 rpm and h = 
3.05 µm. 
 
Hence, the fluid and thermodynamic properties (Fig. 4 – Fig. 9) of the supercritical fluid show 
  
a) T = 370 K b) T = 740 K 
Fig. 9. Density distribution of CO2 for ideal and real gas in radial direction,   = 30000 rpm and  h = 
3.05 µm. 
that close to critical point, the real gas effect is significant and that the ideal gas law assumptions is no 
longer valid whereas far from critical point the supercritical fluid can be approximated by an ideal gas 
without loss of accuracy. This observation is confirmed by the compressibility factor discussed next.  
 
3.1.5 Compressibility factor 
 
The compressibility factor, Z also known as compression factor can be interpreted as the 
measure of fluid’s deviation from ideal gas law [28].   
 
  
 
   
 
(13) 
For ideal gas, the compressibility factor is close to unity [22, 27]. 
Fig. 10 and 11 show contours of compressibility factor for operation near and far from the 
critical point. With an inlet temperature of 370 K, close to the critical point the compressibility factor, 
Z is no longer close to unity as shown in Fig. 10a and 11a. This explains the high deviations from the 
ideal gas law shown in Fig.  4a - 9a. Especially in the groove region, where multiple factors interact to 
generate the highest pressures, these deviations from the ideal gas behaviour is significant. On the 
contrary, far from the critical point shown in Fig. 10b and Fig. 11b, the supercritical fluid behaves like 
an ideal gas as previously shown in Fig.  4b - 9b.   
This confirms that near the critical point the ideal gas approximation is no longer valid.  
 
 
   
 a) T = 370 K b) T = 740 K 
Fig. 10. Contours of compressibility factor, Z at  = 10380 rpm. 
 
   
 a) T = 370 K b) T = 740 K 
Fig. 11. Contours of compressibility factor, Z at  = 30000 rpm.  
 
 
3.1.6 Performances of ideal and real gas of CO2  
 
Fig. 12 and 13 compare the seal performance and how this is affected by the selected equation 
of state. Seal performance is compared in term of opening force and outflow leakage rate. The opening 
force is the total seal opening force acting on the stator, calculated as: 
 
     ∫     
(14) 
Consistent with the comparison of underlying effects, a higher discrepancies is observed near 
the critical point. Close to the critical point the difference in opening force is 1.4% and 3.4%, for ω = 
10380 rpm and ω = 30000 rpm, whereas far from the critical point the differences is only 0.2% and 0.7 
% respectively. In all cases the real gas equation of state predicts a higher opening force. This is most 
likely caused by the predicted higher densities (see Fig. 8 and 9), which enhance the magnitude of the 
peak pressure that develops [18].  
For leakage rate, near the critical point the real gas equation of state predicts a 8.1% and 
10.3% higher leakage, whereas far from the critical point it predicts a lower leakage by 3.1% and 2.8% 
for ω = 10380 rpm and ω = 30000 rpm respectively. The higher leakage for the real gas equation of 
state close to the critical point can be attributed to the combined effect of increased density and peak 
pressure generated by the groove, both of which are detrimental to the performance of the sealing dam. 
 
  
a) T = 370 K b) T = 740 K 
Fig. 12. Opening force, Fo of CO2 at different rotation speed for ideal and real gas. 
 
  
a) T = 370 K b)T = 740 K 
Fig. 13. Mass flow rate, ̇  of CO2  at different rotation speed for ideal and real gas. 
Overall, when operating with CO2, real gas effects can have a significant effect on fluid 
properties within the seal, particularly density. Significant differences exist between the results of the 
real gas and ideal gas simulations. This indicates a significant real gas effect when operating with CO2 
and highlights the need to use an appropriate equation of state. This observation is confirmed by the 
comparison of seal operation with air and supercritical CO2 discussed next.  
 
 
3.2 Comparison of seal operation with air and supercritical CO2 
 
To create further insight for seal operation with supercritical CO2, this section compares the 
operation of two identical seals operating with air and supercritical CO2 respectively. The seal 
operating conditions are given in Table 3. At these conditions the air seal acts as a reference point 
whereas the CO2 exemplifies the effects of supercritical fluids and the associated non-linear real gas 
properties. In addition the CO2 seal operates with the high densities typical for supercritical working 
fluids (see Table 2). The study considers three seal opening gaps, 3.05 µm, 5.08 µm and 7 µm. 
 
 
3.2.1 Pressure  distribution in sealing dam 
 
 As shown previously significant pressure peaks are attained at the end of the grooves. To 
understand this phenomenon, the balance of mass-flow between the fluid entering the groove and the 
flow leaving the groove toward the dam region must be considered.  
In the dam region the fluid is influenced by two main factors in the radial direction; the 
pressure gradient and the centrifugal effect. In this work, in general the pressure gradient causes the 
fluid to flow inwards, while the centrifugal effect acts in the opposite direction. Particularly close to 
the rotor, where tangential velocities are highest substantial radial forces exist, which can cause the 
fluid to overcome the radial pressure gradient and flow outwards. The net influence of these two 
interacting effects is highlighted by plotting the non-dimensionalised pressure (P/PG) as shown in Fig. 
14 and 15. By comparing the lines of the 3 µm case for 0 rpm (hydrostatic pressure), 10380 rpm and 
30000 rpm, it is evident that for 10380 rpm no significant centrifugal effect exists. However at 30000 
rpm, a notable change in the pressure profile is observed. The results are in agreement with previous 
theoretical work by Garratt [31], who identified that rotation leads to a reduction in radial mass flow 
and pressure across the seal. Consequently, these effects influence on the performance parameters of 
the seal, such as opening force and total mass flow rate. 
 As shown in Fig. 14 and Fig. 15, the centrifugal effect (reduction of pressure) increases as the 
rotational speed increases and as the film gap decrease. Furthermore the results show that the 
centrifugal effect is more significant for CO2, especially at low gaps and high rotation speeds and that 
it is strongest for CO2 close to critical point. This is due to the higher gas densities for CO2 (see inlet 
density in Table 2), which further increases if higher peak pressures are reached at the end of the 
groove, for example as shown in Fig. 5a and 9a.   
 Effectively this means that the centrifugal effects are strongest at high speeds, high fluid 
densities as is the case with CO2, and that high peak pressures reached at the end of the grooves further 
enhance the effect. The impact of centrifugal effects on seal performance are: First increased 
centrifugal effects lead to a reduction in avergage pressure (i.e. mainly due to reduction of pressure in 
the dam region) and thus reduced opening force. Second increased centrifugal effects lead to 
comparably reduced leakage (i.e. by increasing outward force acting on fluid). However at the same 
time this causes higher peak pressures (i.e. due to the lower leakage) at the end of the groove which 
tend to increase leakage (i.e. flow to the lower pressure region). The net effect on seal opreation is 
explored with the different air and supercritical CO2 seal simulations.  
 
 
  
 
a) Air (ideal gas equation of state) 
 
b) CO2 (Span and Wagner equation of state) 
 
Fig. 14. Non-dimensionalized pressure across the dam region at T = 370 K. 
 
  
 a) Air (ideal gas equation of state) 
 
b) CO2 (Span and Wagner equation of state) 
 
Fig. 15. Non-dimensionalized pressure across the dam region at T = 740 K. 
 
 
 
3.2.2 Pressure profiles and contours 
 
Fig. 16 shows the pressure distribution in the radial direction for air and CO2 for a 3.05 µm 
film gap, which experience the strongest viscous effects due to the small gap height. Due to viscous 
pumping in the groove region (r > 69 mm) the pressure increases from the outer edge until the end of 
the groove where the peak pressures are reached. Particularly high pressures are reached at a rotational 
speed of 30000 rpm. Fig. 17 shows the corresponding pressure contours for CO2 at a rotational speed 
of 30000 rpm, which highlights that the peak pressures are localised to the end of the goove. After the 
grooves, in the dam region (r < 69 mm) the pressure decreases to ambient conditions (0.1 MPa) at the 
inner edge of the seal.  
When operating with air the pressure profiles are almost identical to the ones observed with 
CO2 at an operating temperature of 740 K, confirming the similarity between hot CO2 and ideal gases. 
For air the effect of increasing temperature is small at the high rotational speeds. The only difference 
in pressure contours exists close to the end of the dam region. At low rotation speed as tempereture 
increases, the pressure increases due to the increase of viscosity with temperature, which increases 
viscous pumping in the grooves for the 740 K case.  
As expected, as rotational speed increases more gas is pumped inward thereby resulting in 
higher presures developing at the end of the groove. This has the following effects. First the high 
pressures cause some backwards flow towards seal outer edge in the regions between the grooves (i.e. 
to lower pressure region) and second the associated higher densities enhance the sealing performance 
of the dam as discussed previously. A downside of the second effect, particulalry with the higher 
densities reached at lower temperatures (370 K) is that the increased centrifugal forces, caused by 
tangential fluid motion, resist the inwards flow. This results in a reduction of pressure across the seal 
dam, as observed for the 30000 rpm case.  
The overall patterns are similar for the CO2 (Fig. 16b) except for the 370 K, 30000 rpm case, 
where pressures at the end of the groove are substantially higher compared to air. To understand this 
phenomenon, the balance of mass-flow between the fluid entering the groove and the flow leaving the 
groove toward the dam region must be considered. This mass-flow balance directly influences the 
peak pressure developed in the groove. Effectively strong inwards pumping by the groove and good 
sealing by the dam is required to create such high pressures. Looking back at Fig. 14b it is evident that 
this case also experienced the strongest centrifugal effects. Hence, here the centrifugal effect, which 
increases with density is able to balance the strong pumping effect of the grooves. Consequently, 
much higher peak pressures are attained as the leakage from the grooves to the dam is reduced.  
A somewhat counter-intuitive result is that this only occurs for CO2 and not for air. As can be 
seen from Fig. 14 and 15 the effect of changing temperature on pressure inside the sealing dam for air 
is minor compared to CO2. The larger changes for CO2 are due to the different equations of state and 
different fluid properties close to the critical point. As previously shown in Fig. 9a the use of the real 
gas equation Eq. (7) instead of Eq.(6) results in a more rapid change in fluid density at the seal centre 
(near the end of the groove). Therefore, this higher localised density that exists for CO2 is the cause for 
the difference in pressure distribution observed for CO2. This localised density change at the end of the 
groove is not observed for the ideal gas model as shown in Fig. 8a and 9a and hence not for air (Fig. 
8b and 9b) . 
 
  
a) Air (ideal gas equation of state) b) CO2 (Span and Wagner equation of state) 
 
Fig. 16.  Pressure distribution for ideal and real gas in radial direction, h = 3.05 µm. 
 
 
  
 
 a) T =370 K b) T =740 K 
   
Fig. 17. Pressure contours for CO2,   = 30000 rpm and h = 3.05 µm. 
 
As film gap increases to 5.08 µm for air (Fig. 18a) similar pressure profiles are observed 
compared to the lower gap. However the pressures reached at the end of the grooves are lower and the 
effect of temperature has disappeared. This is attributed to the reduction in viscous pumping as the 
film gap increases [28] and the diminishing performance of the sealing dam to resist inwards flow. At 
30000 rpm a pressure increase in the grooves is still noticable and this is also shown in the 
corresponding pressure contours (Fig. 19). However at the low speed (10380 rpm) the viscous 
pumping is so weak that pressure smoothly decreases from the outer to the inner radius of the seal.  
For CO2 (Fig.  18b), the patterns also remain similar, however the peak pressure reached at the 
end of the groove is reduced. The difference in peak pressure that arises at the end of the grooved due 
to the nonlinear fluid properties that exist for the cold CO2 near the critical point remain at the high 
speed, albeit to a lesser extend. At 10380 rpm the pressure profiles are more or less identical. 
Effectively with the higher gap the centrifugal effect and hence the performance of the sealing dam is 
reduced, thereby leading to reduced peak pressures at the groove end and more uniform pressures as 
shown in Fig. 19b. 
 
   
a) Air (ideal gas equation of state) b) CO2 (Span and Wagner equation of state) 
 
Fig. 18. Pressure distribution for ideal and real gas in radial direction, h = 5.08 µm. 
 
 
  
 a) T = 370 K b) T = 740 K 
   
Fig. 19. Pressure contours for CO2,   = 30000 rpm and h = 5.08 µm. 
 
The results for the largest gap of  7 µm for air and CO2 are shown in Fig. 20. As both the 
pumping efficiency of the grooves and centrifugal effects that enhance sealing dam performance are 
further reduce, the pressure distribution is comparable for all cases. It decreases from outer radius to 
inner radius of the seal domain. Similarly no significant pressure increases are observed at the end of 
the grooves as shown in Fig. 21.  
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a) Air (ideal gas equation of state) b) CO2 (Span and Wagner equation of state) 
 
Fig. 20.  Pressure distribution for ideal and real gas in radial direction, h = 7 µm. 
 
 
 
 
 
  a) T =370 K b) T =740 K 
 
Fig. 21. Pressure contours for CO2,   = 30000 rpm and h = 7 µm.  
(air results are comparable to 740K case) 
 
To summarise, effectively as gap heigth increases viscous effect, such as the pumping 
efficiency of the grooves and inertial effects, such as the centrifgual force that enhances sealing dam 
performance diminishes. Consequently differences between the air (lower density ideal gas) and CO2 
(higher density gas with real gas effects) dissappear and the air and CO2 seal behave equivalently. 
However with small gaps different pressure distributions are observed. These are due to two factors. 
First the CO2 is more dense, leading to an increased centrifugal force that improves sealing dam 
performance. Second the non-linear gas properties of the CO2 near the critical point cause a more rapid 
density change and hence increased centrifugal force at the start of the sealing dam. This further 
enhances seal performance as it enables the generation of higher peak pressures in the grooves.  
 
3.2.4 Opening force 
 
Fig. 22 shows the opening force at different operating temperatures, rotation speeds and film 
thickness for air and CO2 respectively. As expected due to the reduced pumping effect as the film gap 
increases the opening force decrease and asymptotes towards a constant value. At a rotational speed of 
10380 rpm and 370 K, the condition where the viscous effects are smallest the steady value is reached 
for both air and CO2 at gaps larger than 5µm. The high opening forces with small film thicknesses are 
created by the fact that here the pumping of the grooves is strongest and that the dam creates the best 
flow obstruction. These effects together create high peak pressures, which yield the biggest net 
opening forces. Overall the observed trends for air and CO2 are similar.  
When considering the effect of rotational speed, while keeping temperature constant, it is 
observed that at low gap heights (< 5 µm) the higher speed creates the higher opening forces. This is 
expected as higher speeds create increased viscous pumping. However for high gap heights (> = 6 µm) 
this trend is reversed. This can be attributed to the lower pressures in the dam region as shown in Fig. 
16a, 18a and 20a, which are caused by the centrifugal force that causes a reduction of pressure in the 
sealing dam at high rotational speeds.  
When considering the effect of temperature, while keeping rotation speed constant, it is 
observed that for air this creates a notable offset in opening force (approx. 1.0 – 2.0 kN). At a 
rotational speed of 10380 rpm as tempereture increases, the viscous pumping in the grooves increases 
due to the increase of viscosity with temperature. At high rotational speed, this effect is slightly 
enhanced due to the different pressure distributions in the dam region (e.g. Fig. 14a and 15a). Here 
higher pressures are created for the less dense air at 740 K.  
For CO2, the effect of temperature is much reduced, especially at the high rotational speed 
across all gap heights. This is due to the fact that for CO2, two effects interact. First as observed for 
air, the pressure across the dam is lower for the high temperature (see Fig. 16b and 17b). Second 
notably different peak pressures are created at the end of the groove, for example as shown in Fig. 16b, 
17b, 18b, 19b. As these effects approximately balance, the dependency of opening force on 
temperature is reduced for CO2, particularly at high rotational speed.   
 
 
  
a)Air (ideal gas equation of state) b) CO2 (Span and Wagner equation of state) 
Fig. 22. Opening force, Fo at different rotation speed and film gap for ideal and real gas. 
 
 
 
3.2.5 Leakage rate 
 
   
a) Air (ideal gas equation of state) b) CO2 (Span and Wagner equation of state) 
 
Fig. 23. Mass flow rate, ̇  at different rotation speed and film gap for ideal and real gas. 
 
Fig. 23 shows the leakage rate for air and CO2. For all cases, it is shown that as the film gap 
increases, which is equivalent to an increase in total flow area, so does the leakage rate. In addition 
leakage rates are also strongly influences by temperature, which inversely correlates to density. The 
strong link between density and mass flow rate indicates the importance of density on seal 
performance.  
 For high temperature case (triangular symbol) as shown in Fig. 23, the leakage rate is almost 
the same for the two rotational speeds at low film gap (< 4 μm) . However, as the film gap increases (> 
5 μm ) the leakage increases more rapidly the for rotational speed of 10380 rpm in comparison with 
30000 rpm. This is the result of reduced inward pumping in the groove region as the film gap 
increases and the increase of the outward pumping effect as rotational speed increases. The outward 
pumping effect is as a result of the stronger centrifugal effect as rotational speed increases.  
 For the low temperature case (circular symbols), the overall trend for both speeds and gases is 
again similar. However now a notable discrepancy between low speed and the high speed is observed. 
For both air and CO2 leakage reduces by more than 20% as rotational speed increases to 30000 rpm, 
for the largest gap. However for low gap heights (< 4μm) the leakage is comparable. This is the result 
of two opposing effects caused by the high density and real gas effects. First the high density and real 
gas effects enhance the performance of the sealing dam and the grooves, resulting in higher peak 
pressures at the groove ends as shown in Fig. 16 and 18. However these increases in pressure 
differential across the dam also increase leakage. The result is that the actual leakage from the grooves 
towards the seal outlet increases. As this change approximately balances with the centrifugal effect, 
which decreases leakage, comparable results are observed for the denser gas (lower temperature). The 
bigger change for CO2 is attributed the real gas effect that is present at the end of the groove discussed 
earlier.  
  
 
4. Conclusions 
 
To enhance the understanding of dry gas seals operating with CO2 at supercritical conditions a 
numerical study was conducted. First the numerical model was validated for operation with air by 
comparing predictions to experimental results from literature. Good agreement was achieved with 
errors in groove pressure of less than 0.3% and opening force of less than 6 %.  
Next to quantify real gas effects that affect CO2 thermal and transport properties near the critical 
point, a comparison study was performed. The ideal gas equation of state and Span and Wagner 
equations of state (incorporating real gas effects) were compared at T = 370 K near the critical point 
and at 740 K far from critical point. Comparison of the resulting fluid properties and seal performance 
parameters indicate that close to critical point the real gas effect is significant whereas far from critical 
point (i.e. at T = 740 K ) the supercitical fluid resembles an ideal gas. The main differences in 
performance arises in the seal grooves and at the end of the sealing dam closest to the grooves. Here a 
more rapid change in gas density enhances performance. Hence when simulating seals operation far 
from the critical point it is acceptable to use the ideal gas relationshiop. However when the operating 
point is close to the critical point, real gas effects are significant and an appropriate equation of state is 
required to correctly capture the fluid dynamics, particularly at the end of the grooves.  
Finally the paper conducts a study comparing the same seal geometry operating with air and CO2 
at four operating points. (Pi = 8.5 MPa, ω = 10380 and 30000 rpm, Ti = 370 and 740 K). This provides 
insight into how seal operation is affected by the denser CO2, the real gas effects and the resulting 
centrifugal effects that influence the operation of the sealing dam. In the dam region of the seal the 
centrifugal effect has two effects. First it improves sealing by creating a higher peak pressures at the 
end of the groove. Second it reduces the  average pressure within the dam region due to improved 
sealing at the dam outer diameter. The second effect is enhanced for CO2 due to real gas effects. The 
net effect of this is a reduction of the opening force at high rotation speed, where the centrifugal effect 
is most significant. Comparing the impact of these two effects on seal performance it can be seen that 
the seal leakage reduction is most significant and beneficial. Especially at high operating gaps it can 
lead to a leakage reduction of more than 20%.  
In general it has been shown that operation with supercritical CO2 close to critical point (Pi = 8.5 
MPa, Ti = 370 K) is not detrimental to seal performance. The opening force is comparable to that of an 
equivalent seal operating with ideal gases. Seal leakage remains similar, but scales with inlet density. 
At low gap heights equivalent leakages are observed. However at high rotational speeds a notable 
leakage reduction exists due to a combination of centrifugal and real gas effects.  
Future works will investigate the effects of conjugate heat transfer and thermal deformation of the 
seal components. This will provide further insight required for the developement of supercitical CO2 
dry gas seals. 
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Appendices 
 
 
 
Appendix 1: Point and line of interest for the present work. 
 
Highlight 
The contributions of the present paper as follows: 
i) provide some design guidelines by providing some insight on the flow behaviour 
on the performance of the supercritical fluid (i.e. CO2) of the dry gas seal. 
ii) study the flow behaviour on the performance of the supercritical dry gas seal at 
two possible operating conditions; one is close and another is far from critical 
point. 
iii) provide some insight on impact of centrifugal effect on the performance of the 
supercritical dry gas seal which is rarely studied even for ideal gas fluid. 
The important findings of the present paper as follows: 
i) fluid properties and seal performance parameters indicate that close to critical 
point the real gas effect is significant whereas far from critical point the 
supercitical fluid resembles an ideal gas. 
ii) the centrifugal effect cause both improved sealing in the dam region due to real 
gas effects, generating a higher peak pressures at the end of the grooves and a 
reduction of average pressure due to improved sealing at the dam outer diameter. 
However, the net effect is a reduction of the opening force at high rotation speed 
where the centrifugal effect is most significant. 
iii) the centrifugal effect also reduces seal leakage, which is beneficial for seal 
performance. 
iv) operation with supercritical CO2 close to critical point is not detrimental to seal 
performance. 
 
